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Abstract i We present in this communication the results of our culcuUtion of TDCS and FDCS of (e,2e) and (c,3c) processes respectively on 
ihc He like ions at incident electron energy of 1(W  eV. We have performed the calculation using distorted wave Bom approximation (DWBA) 
tniiiMlism for (c,2c) process and three Coulomb ( ^C) wave approach for (c3e) process in shake-off mechanism. Wc pieseiu the angular profiles of 
II)CS in coplanar asyminctric geometry as well as that of MX\S in constant imnie and discuss the role of atomic number Z on it. We also 
t)isi M^ s tlic similarities and dissimilarities between (e,2e) and (e,3c) processes of Hc likc ions
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i. Introduction
I ho lom/aiion of atoms and ions by electron impact is 
<iiu’ ot the basic processes of atomic physics, with 
liim hinu'ntal applications in different areas as astrophysics, 
plasma physics, fusion physics, surface science etc. 1 he 
complex interactions involved in electron impact ionization 
atom s and ions, is a challenging problem to understand. 
Fundam en tally , an (e,2e) process is one where an electron, 
nt well defined energy and momentum (£■„ K,), is incident 
‘’ll a target, ionizes it and the outgoing electrons are 
c^Mecied in coincidence with their energies and angles 
resolved. A triple differential cross section (rO CS) 
requ ired  to fully characterize the (e,2e) process for 
given in c id en t energy  The TDCS
is differential in two solid angles 
defined by the directions of the correlated 
c’lairons and is differential in the energy of one of the 
‘’utgoing electrons. This ionization process is important 
investigating the three-body problem, which consists 
two outgoing electrons and the residual ion and is 
^nveincd by the infinite long range Coulomb potential. 
*i‘)wevcr, more complex niiiny-body problem, Lt\ four- 
problem, is encountered in experiments in which an 
‘’^ i^dent electron on a target ejects two bound electrons
and these two electrons as well as the scattered electron 
are detected coincidentally. Such type o f coincident 
experiments are referred as a kinematically complete 
(e,3e) experiments in which informations about the 
collision dynamics, target electron momentum density and 
the conelated motion of the electrons can be obtained by 
measuring the five-fold differentia] cross section (FDCS), 
which is differential in solid angles of all the outgoing 
electrons and energies of the two ejected electrons.
The experimental and theoretical investigation of the 
(e,2e) processes on atoms have been done in different 
geometrical arrangements to gel better understanding of 
the ionization mechanism as well as the'characteristics of 
the targets. One can elucidate different features of the 
reaction mechanism by studying the (e,2e) process in 
different geometrical arrangements. One of them is 
coplanar asymmetric geometry (Ehrhardt geometry (IJ). 
The coplanar asymmetric geometry is asymmetric in terms 
of energy or angle of the two outgoing electrons. In this 
geometrical arrangement TDCS is symmetric about the 
momentum transfer K, for any first order theory in non- 
relativistic regime, i.e. one gets a peak in the forward 
direction with a maximum at K, the direction in which an 
electron would move in a binary collision. There is also
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a  sm a lle r  m a x im u m  in th e  d ire c tio n  o f  ~K, Le. in th e  
d ire c tio n  o f  th e  m a x im u m  re co il o f  th e  ion . F u rth e r, it 
h as  b een  sh o w n  b y  so m e  w o rk e rs  [2-5] in th e  (e ,3 c )  
p ro c e s s  th a t th e  c e n tre  o f  m ass  Kc -  k \  k i  o f  th e  
e je c te d  e le c tro n  (o r  the  p a ir  o f  th e  e je c te d  e le c tro n s ) ,  
w h e re  * i ,  k i  a rc  th e  m o m e n ta  o f  th e  e je c te d  e le c tro n s , 
ac ts  as an  ‘e f fe c tiv e  s in g le  p a r t ic le ' d u r in g  th e  c o ll is io n  
an d  as  in (e ,2 e )  p ro c e ss , b in a ry  an d  re co il p e a k s  a rc  
o b se rv e d  in th e  F D C S  vs. Kf. d ire c tio n  c u rv e  in c o p la n a r  
c o n s ta n t 0\2 m o d e  an d  th is  d is tr ib u tio n  is fo u n d  to  be 
sy m m e tric  a b o u t the  d ire c tio n  o f  m o m e n tu m  tra n s fe r  fo r 
an y  firs t o rd e r  th eo ry . R ece n tly , C h o u b isa  et a l [4) h av e  
in v e s tig a te d  th is  ty p e  o f  fe a tu re  fo r F-fc a to m  a n d  sh o w n  
the  e ffe c t o f  p o s t c o llis io n  in te ra c tio n  (P C I)  b e tw e e n  th e  
e je c te d  e le c tro n s  o n  th e  a n g u la r  d is tr ib u tio n  o f  F D C S . 
F u rth e rm o re , th e  e ffe c t o f  s e c o n d  o rd e r  p ro je c t! le - ta rg e t  
in te ra c tio n  o n  th e  sy m m e try  o f  a n g u la r  p ro f ile  o f  F D C S  
h as  b een  in v e s tig a te d  by  C h o u b isa  et al, [5].
In th is  c o m m u n ic a tio n , w e  p re se n t th e  re su lts  o f  o u r  
c a lc u la tio n  o f  T D C S  fo r (c ,2 e )  p ro c e s s  an d  F D C S  fo r  
(e ,3 c )  p ro c e s s  in c o p la n a r  a s y m m e tr ic  a n d  c o p la n a r  
c o n s ta n t P\2 g e o m e tr ie s  re sp e c tiv e ly  fo r H e -lik e  ions. 
D is to r te d  W ave B o m  a p p ro x im a tio n  (D W B A ) fo rm a lism  
(6 | is u sed  fo r  th e  c a lc u la tio n  o f  T D C S  w h ile  3 C o u lo m b  
(3 C ) w a v e  a p p ro a c h  [7] is u se d  fo r  th e  c a lc u la tio n  o f  
F D C S . T h e  p re se n t s tu d y  h e lp s  u s  to  u n d e rs ta n d  th e  ro le  
o f  th e  n u c le a r  c h a rg e  Z  o n  th e  a n g u la r  p ro f ile  o f  T D C S  
an d  F D C S , e sp e c ia lly  o n  th e  re c o il  p e a k . F u rth e r , it h e lp s  
us to  in v e s tig a te  the s im ila r it ie s  a n d  d if fe re n c e s  in th e  
tw o  p ro c e s se s .
2. Theory
2 . / .  (e ,2e) p rocess :
W e h av e  u sed  d is to rted  w a v e  B o m  a p p ro x im a tio n  (D W B A ) 
fo rm a lism  w h ich  is  s im ila r  to  th e  o n e  d e v e lo p e d  by  
M c C a r th y  a n d  W e ig o ld  |6 ] ,  to  c a lc u la te  t r ip le  d if fe re n tia l  
c ro s s  s e c tio n  (T D C S ) o f  th e  (e ,2 e )  p ro c e s s  o n  H e -lik e  
io n s . In th is  fo rm a lism  fo llo w in g  a s s u m p tio n s  h a v e  b ee n  
m a d e  :
(i) T h e  in c id e n t a n d  b o th  th e  s c a tte re d  a n d  th e  e je c te d  
e le c tro n s  a re  d e s c r ib e d  b y  d is to r te d  w a v e s .
(ii)  T h e  d is to r te d  w a v e  fo r  th e  in c id e n t e le c tro n  is 
g e n e ra te d  in th e  s ta tic  e x c h a n g e  p o te n tia l  o f  th e  
ta rg e t a n d  fo r  th e  o u tg o in g  o n e  in  th e  s ta tic  
e x c h a n g e  p o te n tia l o f  th e  re s id u a l ion .
( ii i)  S p in  a v e ra g e d  s ta tic  e x c h a n g e  p o te n tia l a n d  H a rtre e  
F o c k  w a v e  fu n c tio n  fo r  ta rg e t  a to m  h a v e  b e e n  
u sed .
W e c a n  e x p re s s  th e  tr ip le  d if fe re n tia l c ro s s  s e c tio n  in  
d is to r te d  w a v e  B o m  a p p ro x im a tio n  as,
d ^o
dQ^dn^dF^
+ |^ |2  _ R e ( / .^ ,; j
V
'I av
where Z  is the sum over the final and the averajn' o\ir
th e  in itia l m a g n e tic  a n d  sp in  d e g e n e ra c y . it, and  A, ,ir. 
m o m e n ta  o f  in c id e n t,  s c a tte re d  a n d  e je c te d  cleciion 
re s p e c t iv e ly  a n d  /  a n d  g  a r e  d i r e c t  a n d  exchaiinv 
a m p litu d e s  re sp e c tiv e ly . T h e  e x p re s s io n s  fo r  /  and ^ aiv 
g iv e n  as
j  = < X . r , ) X { k , . r, ) | V |X  (it,, r, )y,„, :  ■
g X r ,  )X r, )| Kj X r, >.
an d  V  re p re se n ts  th e  in te ra c tio n  p o te n tia l  betw een (he 
in c id e n t a n d  ta rg e t e le c tro n s  re sp o n s ib le  fo r  the iom/a(u)fi 
W h ile  i//„i is the  a to m ic  b o u n d  s ta te  o rb ita l from  whwh 
th e  e le c tro n  is io n iz e d . a n d  Z  a re  th e  d is to rted  wd\c 
fo r  in c id e n t an d  o u tg o in g  e le c tro n s  re sp ec tiv e ly  Ih. 
o rb ita ls  y/^i a re  ta k e n  f ro m  th e  w a v e  fu n c tio n s  o f  riciiicnn 
an d  R o etti 18J. T h e  sp in  a v e ra g e d  sta tic  e x c h an g e  poieiuhi! 
is g iv e n  as
V ^ (r)-0 .5 E  + V o ( . r ) - [ \ E  + V ^ ( r ) f  - 2 n n r y \ .
w h e re  i{ r )  is th e  e le c tro n  d e n s ity . T h e  d ire c t  disdniiiiL' 
p o te n tia l V[Ar) is o b ta in e d  f ro m  th e  ta rg e t rad ia l orbii;il 
VnAr) a s
nl
w h e re  r> is  g re a te r  o f  r  a n d  r \  N„t is  th e  num bci ol 
e le c tro n s  in e a c h  o rb ita l  n, 1. T h e  e q u iv a le n t local piouiid 
s ta te  p o te n tia l  VJx) is
V'oo= ^ d ('-) + 0.5
I 1
E  +  V n i r ) - [ { E  +  V o ( r ) t  - 2 n H r ) - \  i.
2.2. {e,3e) process :
We present in this sub. section, the theoretical formalisni 
to calculate the FDCS of (e,3e) process on Hc-likc ioi'* 
under the conditions of high electron impact energy and 
small excess ejected electrons energy. The preset* 
formalism has been developed with the following 
assumptions ;
(,) T h e  in c id e n t  a n d  s c a tte re d  e le c tro n s  a re  d e sc r ib e d  
by p la n e  w a v e s .
(,i) T h e  b o u n d  e le c tro n s  a r e  d e s c r ib e d  b y  th e  L e  S cch  
w av e  fu n c tio n s  [9 ].
, 1,1) T he e je c te d  e le c tro n s  a re  d e sc r ib e d  by  th e  c o rre la te d  
a p p ro x im a te  B B K  ( 1 0 | ty p e  w a v e  fu n c tio n  w ith  
cITective c h a rg e s  a s  g iv e n  b y  L a h in a in -B c n n a n i et 
al 111].
The liv e -fo ld  d if fe re n t ia l  c ro s s  s e c tio n  (F D C 'S ) fo r  the 
shake o ff  m e c h a n ism  in  f i r s t  B o m  a p p ro x im a tio n  is g iv e n  
as,
w h e re
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C, =(2tr) e x p
-na.
a n d  A :^r)) is h y p c rg e o m e n tr ic  fu n c tio n
w h ile  / X l - i a i )  is g a m m a  lu n c iio n  an d  ----- .
T h e  e f fe c tiv e  c h a rg e s  u s e d  | l l ]  a re  g iv e n  by  th e  
e x p re s s io n s  :
'= (2 ;r)‘
k  ^ A2
(2)ilQ^ d£2i d£2 j dE^ dE2 k,
where d£2g,d£2i a n d d £ 2 2 a re  s o lid  a n g le  e le m e n ts  o f  
scattered, firs t a n d  s e c o n d  e je c te d  e le c tro n s  re sp e c tiv e ly  
while dE i, dE^ a re  th e  e n e rg y  b a n d  p a s s  o f  th e  e je c te d  
elections an d
Z ,= Z  +
z , = z +
Z  k I
2 ' k,
Z  k ,
2 k,
ifc, ~ k (."ia)
(5b)
T h e  m a trix  c le m e n t Mf, (4 ) c a n  be e x p re s s e d  in te rm s  o f  
the integrals of the following two types :
-1 1
2n^ K
We can e x p re s s  Mf, a s
(3 )
-iki.r ~Ct
(6 a )
and
^"(v//(r,,r2)|“-Z  + exp(/A>,)-t exp(/if.r2)|v/f(ri,r2)),  ^ ,F, ( -/a , ,  1, ,r ) j  V
wliere r ,  a n d  r i  a re  th e  p o s it io n  v e c to rs  o f  th e  iw o  
cicclcd e le c tro n s  w ith  re s p e c t  to  th e  n u c le u s  w h ich  is 
assumed to  be lo c a te d  a t  th e  o r ig in .  W c h a v e  u sed  the  
uirgci w av e  fu n c tio n  <^/;(ri7*2)1 g iv e n  b y  L c  S ech  w a v e  
funclioii f9 |.
The e je c te d  e le c tro n s  a re  d e s c r ib e d  b y  th e  c o r re la te d  
approxim ate B B K  [101 ty p e  w a v e  fu n c tio n  y /f{ r \,n )  g iv en
V 2 '
/ (/•/. r j ) = ^  ( z „  r ; ) ( Z2. ) -I-
Vk,iz2.r,)¥k,(Zi ,r2)]
where
tind tj =
C  =  a x p (~ m f  /  2 ) r ( l  -  ir)) 
1
, which takes into account the correlation
1^ 1 ^2 1 
^tween the ejected electrons.
1 ^  Coulomb wave function U j , r )  of the outgoing 
electron is given by ^
V ^ { z j , r )  = Ci exp(i*j Tj ) ,F, («a j , l - i { k j r + k j r ) )
(6 b )
W e c a lc u la te  th e  m a tr ix  c le m e n t (4 ) n u m e r ic a lly  b y  u s in g  
a n a ly tic a lly  e v a lu a te d  in te g ra ls  o f  th e  ty p e  (6 a )  a n d  (6 b ) 
an d  fo r  b re v ity  e x p lic it  e x p re s s io n s  a re  n o t g iv e n  h e re .
3. Results and discussion
3 .L  (e,2e) P rocess :
W e h av e  p e r fo rm e d  c a lc u la tio n  o f  tr ip le  d if fe re n tia l  c ro s s  
se c tio n  (T D C S ) fo r  H e -lik e  io n s  (H e , Li^ a n d  Be^^) a t 
in c id e n t e le c tro n  en e rg y  1 0 9 9  eV  in c o p la n a r  a s y m m e tr ic  
g e o m e try  by  k e e p in g  m o m e n tu m  tra n s f e r  s a m e  fo r  a ll th e  
ta rg e ts  {K  =  1 a .u .) . W e h a v e  p lo tte d  th e  a n g u la r  p ro f ile  
o f  T D C S  as a  fu n c tio n  o f  e je c te d  e le c tro n  a n g le  {Ox) fo r  
a to m  p o te n tia l (d a sh e d  c u rv e )  a s  w e ll a s  io n  p o te n tia l  
(so lid  c u rv e )  in F ig u re  1. T h e  m a in  fe a tu re s  o b s e rv e d  in  
th e  a n g u la r  p ro f ile  o f  T D C S  a re  a s  fo llo w s  :
(i)  T h e  b in a ry  a n d  re c o il p e a k s  a re  o b s e rv e d  in th e  
d ire c tio n  o f  m o m e n tu m  tra n s fe r  a n d  o p p o s ite  to  it 
re sp e c tiv e ly  fo r  L i^ a n d  ta rg e ts  u s in g  a to m ic  
p o te n tia l in  th e  c a lc u la tio n . H o w e v e r , th e  re c o il  
p e a k  fo r  H e  a to m  (w h ic h  is  v e ry  s h a llo w )  is  n o t  
o b se rv e d  in  th e  d ire c tio n  o p p o s ite  to  th e  m o m e n tu m  
tra n s fe r  d ire c tio n  a n d  fo u n d  to  b e  s h if te d  to w a rd s  
lo w e r  a n g le  (s e e  d a sh e d  c u rv e s  o f  F ig u re  1).
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Figure 1. DWBA calculation of TDCS plotted as a function of ejected 
electron angle (< )^ for He, Li^  and targets. Kinematics is displayed in 
each frame.
(ii) The angular profile of TDCS is found to be 
shifted on the inclusion of ion potential for all the 
three targets and thus the binary and recoil peaks 
are no more in the direction of momentum transfer 
and opposite to it respectively. Further, the shifting 
in the angular profile of TDCS is found to be 
more pronounced for higher Z targets (see solid 
curves of Figure 1).
(iii) We also observe that recoil peak gets enhanced 
and thus the ratio of TDCS of binary to recoil
peak decreases with the increment of nuclear 
This gives an indication of the importance (^{ 
residual ion in the reaction mechanism ni 
(e,2e) process on He-like ions in which th, 
electronic configuration is same and the ohk 
difference is in the strength of nuclear chaur
(iv) The binary peak is reduced and the recoil jxak  ^
enhanced on the inclusion of ion potential and dii.s 
the ratio of TDCS of binary to recoil pc;,t 
decreases on its inclusion and further the dccieniciv 
is more pronounced as nuclear charge is incicast d 
(see solid and dashed curves of Figure I ).
3 . 2 .  ( e , 3 e )  p r o c e s s  :
We have performed calculation of five-fold diflcrcmui 
cross section (FDCS) for He-like ions (H , He and Lt , 
at incident electron energy 1099 eV in coplanar consiam 
<9|2 geometrical mode by keeping momentum iraiM-1 
same for all the targets {K = I a.u.) as we have choscu 
for (e,2e) process. In constant 6^12 mode, the nuiiii.ii 
angle between the ejected electrons is kept constani and 
FDCS is investigated with the variation of the anisic o‘ 
the bisector {d) of the mutual angle. We have p lo tte d  th; 
angular profile of FDCS as a function of 6 for vaunah 
0x2 angles in Figure 2 for above mentioned largctv 
The main features observed in the angular j r^nfile nt 
FDCS are as follows :
(i) As observed in the (e,2e) process the binars ami 
recoil peaks are observed for all the 0\z angles toi 
Li^ target while for He target this feature is found 
to be observed for 8x2 = 90’ and 120’ and ilim 
feature is nearly absent for lightest target iH » 
The origin of binary peak is due to the collision 
of the incident electron and the pair of the ejected 
electrons whereas the recoil peak is originated h\ 
the recoil of the pair of the ejected electrons In 
the massive ions [4].
(ii) For H' target the recoil peak is nearly absent and 
the binary peak is split and hence two new pcak^  
are formed near to the direction of momeniuin 
transfer. With the increment of nuclear c h a rg e  as 
expected and observed in the (e,2e) process the 
recoil peak gets enhanced. Further, wc observe tliat 
the feature of splitting of binary peak gets weaki-ntd 
for He target and it is absent for Li* targci-
(iii) The angular profile of FDCS is found to 
sensitive on the post collision interaction between 
the ejected electrons (f.c. on constant di2 angles)' 
particularly the recoil peak gets enhanced with the’
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Hguri* 2. FDCS is plotted as a function of the angle of bisector (6  ^of the 
'^i>nsiam mutual angle 0^  ^of the ejected electrons at vanous constant mutual 
Singles as depicted in each frame of the Figure. The other kinematical 
parameters arc shown in each frame.
increment of constant Bn angles and consistent 
with our earlier study for He target only [4].
(iv) We also observe that the angular profile of FDCS 
is found to be symmetric about the direction of 
momentum transfer for all constant du angles for 
Li  ^ target while this symmetry is broken for other 
targets (see Figures 2(a)-(c)). The breaking of 
symmetry o f FDCS about the direction of
Figure 3. Same as in Figure 2 except for H and He atom. The full curve in 
each frame represents the FIXTS calculated by incorporating effective charges 
while the dotted curve represents the FDCS calculated without using the 
effective charges.
momentum transfer is due to non-first order effect, 
which comes in our calculation in the form of 
effective charges that includes the interaction 
between the scattered electron and the ejected 
electrons |11] (see eqs. 6(a) and 6(b)). We have 
plotted FDCS calculated using effective chaises
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(see solid curves of Figure 3) as well as that of 
using without effective charges (see dashed curves 
of Figure 3) as a function of 6 for H ' and He 
targets. Our study clearly demonstrates that the 
breaking of the angular profile of FDCS is due to 
effective charges which includes non-first order 
interaction.
4. Conclusion
In conclusion, we have shown that the angular profile of 
the TDCS for (c.2e) process and that of FDCS for (e,3e) 
process of He-like ions is sensitive on the nuclear charge 
especially for the recoil peak which gets more pronounced 
for higher Z targets. Further it is observed that the binary 
peak in (e,3e) process gets split for He atom whereas for 
the (e,2e) process the splitting is not observed. We also 
observe that the ion potential .shifts angular profile of the 
TDCvS and this shifting is found to be more pronounced 
for higher Z targets. Wc have also investigated some 
kinematical conditions for H~ and He targets to see the 
effect of non-first order interaction on the angular profile 
of FDCS about the direction of momentum transfer.
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